Advances in understanding the role of dendritic cells (DCs) as the major antigen (Ag)-presenting cell type of the immune system combined with the recent development of methods for the ex vivo expansion of human DCs have opened the possibility for the transfer of tumor Ags to DCs with a view toward tumor immunotherapy. In this study, we examined the feasibility of Ag transfer to cultured human DCs using the host range-restricted avipoxvirus, fowlpoxvirus (FWPV). FWPV was found to infect and express a lacZ marker gene in a number of mammalian cell lines of fibroblastic, epithelial, and hemopoietic lineage origins. LacZ recombinant FWPV (rFWPV) was found subsequently to infect human DCs that had been cultured ex vivo from peripheral blood monocytes. Using rFWPV containing lacZ under the control of a vaccinia virus (VV) early/late promoter (p7.5K) and a 10 plaque-forming units per cell multiplicity of infection, Ͼ80% of cells expressed the lacZ marker gene. Quantitative analysis showed that the level of expression continued to rise for 5 days postinfection, at which point the experiments were terminated. Replication-competent recombinant VV (rVV) was also shown to be capable of transferring the marker gene to primary DC cultures. However, neither rFWPV nor rVV were able to express transgenes under the control of late viral promoters, indicating that both rFWPV and rVV infections are arrested at an early stage in human DCs. Infection of CD83 ϩ DCs by rFWPV was confirmed by double-staining cytochemistry. We conclude that host range-restricted FWPV can be used efficiently to transfer Ag genes to human DCs ex vivo and may have a role in the development of tumor immunotherapy protocols.
D endritic cells (DCs) are the professional antigen (Ag)-presenting cells (APCs) of the immune system and are crucial for the initiation of cell-mediated immune responses in vivo. 1 In particular, the ability of DCs to generate a primary T-cell response makes them of particular interest in cancer immunotherapy. 2 DCs are specialized for Ag uptake, processing, and presentation to naive T cells by both major histocompatibility complex (MHC) class I-and II-restricted pathways. DCs can be characterized by their distinctive morphology, expression of high levels of MHC class I and II, and high levels of costimulatory molecules such as B7-1, B7-2, intercellular adhesion molecules, leukocyte function-associated Ags, and interleukin-12 (IL-12). 3 The study of DCs has been hampered because DCs are at very low frequencies in peripheral blood (Ͻ0.1% of leukocytes). However, methods are now available for the in vitro proliferation and maturation of DC precursors from human donors, using either CD34 ϩ or CD14 ϩ cells as starting material. 4 -6 These advances have opened up the possibility of transferring specific tumor Ags to DCs in vitro, with a view toward the stimulation of antitumor immune responses by the reinfusion of Agloaded DCs. 2, [7] [8] [9] [10] [11] [12] [13] When using this method to generate immunity to specific human tumor Ags, it is necessary to obtain high-efficiency transfer of the Ags to DC preparations. Various methods have been used previously to transfer specific tumor Ags to human DCs; these methods include peptide and protein pulsing, 9,12,14 -16 transfection, 17, 18 and virus-mediated gene transfer. 19 -21 Improvements in these methods would seek to provide high-efficiency transfer of entire Ag sequences, eliminating the requirement for a detailed knowledge of appropriate T-cell epitopes for each patient. Moreover, endogenous synthesis of Ag by DCs would provide for the most efficient MHC class I-restricted Ag presentation and cytotoxic T lymphocyte (CTL) generation. 21 Recombinant poxviruses, such as vaccinia virus (VV), have a long record as effective immunogens for the generation of T-cell immunity in animal models and humans. 22 These live virus vectors facilitate the intracellular synthesis of recombinant Ag, which allows natural processing and presentation of peptides in an MHC class I-restricted context, appropriate for CTL generation. 23 Several experimental and candidate anti-human tumor recombinant viruses have been tested, with promising preliminary results. 24, 25 However, there is concern over the use of VV as a tumor immunotherapy vector due to the rates of vaccine-induced skin and central nervous system complications and the potential spread to unvaccinated contacts. 26 -28 These problems are pronounced when adjuvant immunotherapy for cancer is being contemplated, because these patients will often suffer immunosuppression caused by their disease or primary treatment mode. Therefore, lower risk delivery systems are required, which must maintain adequate levels of protection. In addition, animals or humans with preexisting immunity to vaccinia are inhibited in their response to subsequent immunizations with a recombinant VV (rVV). 29, 30 Although it is unlikely that smallpox vaccination will ever be required again, the use of rVVs as vaccines may increase in the future. Therefore, it is advantageous to develop alternative poxvirus vector bases that are unlikely to be inhibited by prior immunity to vaccinia.
Members of the avipoxviruses family, such as fowlpoxvirus (FWPV), are naturally host range-restricted to avian cells. However FWPV has been shown to be capable of infecting mammalian cells, resulting in a nonproductive infection with early and, in some cases, late gene expression. 31, 32 This has led to avipoxviruses being used as replication-defective recombinant vaccines in humans [33] [34] [35] and has led to the development of candidate tumor immunotherapy avipoxvirus vectors. 36, 37 We have shown previously that human peripheral blood low-density cell preparations that are enriched for DCs can act as powerful APCs for the generation of Ag-specific, ex vivo CTL immunity when infected with rVV. 38 In that study, we used replication-competent VVs, and no attempts were made to expand the DC population in culture. In the present study, we used recombinant FWPV (rFWPV) and replication-competent VVs to try to obtain high-efficiency marker gene transfer to human DCs that had been expanded in culture from peripheral blood. We found that it was possible to transfer genes to the DCs at efficiencies similar to those achieved with B cell lines. With both FWPV and VV, only constructs driven by an early (p7.5K) promoter were capable of expressing the transgene, suggesting that both FWPV and VV are incapable of activating late functions in human DCs. These findings open up possibilities for using host range-restricted poxviruses containing tumor Ag genes as efficient vectors for the transduction of human DCs for tumor immunotherapy.
MATERIALS AND METHODS

Cell lines
Primary chick embryo fibroblasts (CEFs) were prepared as described previously. 39 The Japanese quail fibrosarcoma cell line QT35 40 was grown in 199 medium with 10% fetal calf serum (FCS). All of the other cell lines used were obtained from the European Type Culture Collection (Porton Down, U.K.) or the American Type Culture Collection (Manassas, Va). P815 mastocytoma, RMA, EL4 lymphoma murine cell lines, and the human B-lymphoblastoid cell line JY were cultured in RPMI 1640 medium with 10% FCS. HeLa and Swiss-3T3 cells were maintained in Dulbecco's modified Eagle's medium with 10% FCS. CV-1 monkey kidney cells were grown in minimum essential medium with 10% FCS.
Recombinant poxviruses
The Fp9 strain of FWPV was used, and recombinants were based on this strain. rFWPV fpEFL2 41 contains a VV-derived p7.5K early/late promoter driving a lacZ cassette inserted into the BglII site of nonessential ORF-1 in the terminal BamHI fragment of FWPV-Fp9. fpEFL29 42 contains the FWPV p4b late promoter 43 controlling lacZ inserted into the same locus. FWPV were propagated and titrated on CEFs. For the production of FWPV stocks, CEFs (8 ϫ 10 7 cells) were inoculated at a multiplicity of 1 plaque-forming unit (PFU)/cell, and the infection was allowed to proceed for 5 days. Cells were scraped up into the medium and lysed by freeze-thawing. Cellular debris was removed by low-speed centrifugation. The medium/ cell lysate was then centrifuged at 40,000 ϫ g for 80 minutes at 4°C. The virus pellet was resuspended in 2 mL of 10 mM tris(hydroxymethyl)aminomethane (pH 9.0), titrated, and stored at Ϫ20°C. Typical titers were of the order 10 8 PFU/mL. For infection of mammalian cells, FWPV was diluted in phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin (BSA) and 0.1% FCS and was applied to cell cultures at a multiplicity of 10 PFU/cell. The inoculum was removed after 1 hour, and the medium was replaced.
The VV strain WR was used as a wild type and as a base for recombinants. rVV v182 expresses lacZ under the control of the p7.5K early/late promoter from an insertion within the TK locus, whereas vAL expresses lacZ under the control of the p11K late promoter inserted into the TK locus. v182 and vAL were constructed and kindly provided by Dr. M. Mackett . VVs were maintained, expanded, and titrated on CV-1 cells as described previously. 44 Infection of mammalian cells was conducted in the same manner as FWPV.
␤-galactosidase (␤-gal) assay
Cells were infected with FWPV or VV and subsequently plated on 96-well plates at 10 4 cells/100 L/well. At various timepoints, the level of ␤-gal was determined by the addition of 50 L/well of 2.5 mM chlorophenol red ␤-D-galactopyranoside (Boehringer Mannheim, Mannheim, Germany) in 2% sodium dodecyl sulfate, 50 mM KCl, 5 mM MgSO 4 , and 1.3% ␤-mercaptoethanol followed by incubation at 37°C for 2 hours. Absorbance was then determined at 590 nm using an automated microplate reader (Molecular Devices, U.K.). The levels of expression were determined as: ([A 590 Ϫ A 590 (day 0)]/[A 590 (maximum) Ϫ A 590 (day 0)]) ϫ 100%. For the determination of late promoter usage in some samples, cytosine arabinoside (AraC) was added to a final concentration of 40 g/mL at 1 hour before infection and was maintained throughout the assay. Three separate infections were used for each condition.
Isolation and cultivation of DCs
DC were cultured according to the method of Romani et al. 4 Briefly, peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque density gradient centrifugation, resuspended at 2 ϫ 10 6 cells/mL in Iscove's modified Dulbecco's medium containing 10% FCS, and distributed to 24-well plates at 1 mL/well. After a 2-hour incubation at 37°C, the nonadherent cells were removed and the medium was replaced with 1 mL of complete medium supplemented with 1000 international units (IU)/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) (Sandoz Pharmaceuticals, Basel, Switzerland) and 500 IU/mL IL-4 (Searle Diagnostics). After 7 days, the resultant population consisted predominantly of cells with a dendritic morphology. These preparations were found to be Ͼ100-fold more potent stimulators than PBMCs in mixed lymphocyte reactions and were Ͼ10-fold more potent as APCs in proliferation assays to the recall Ag tetanus toxoid. 45 
Flow cytometric analysis
DCs from 7-day GM-CSF/IL-4 cultures were analyzed by flow cytometry using antibodies (Abs) directly conjugated to fluorescein isothiocyanate (FITC) or phycoerythrin (PE). Anti-CD2/FITC, -CD3/FITC, -CD4/FITC, -CD8/FITC, -CD14/ FITC, -CD19/PE, -histocompatibility leukocyte Ag (HLA)-A, -HLA-B, -C/FITC, -HLA-DP, -HLA-DQ, and -HLA-DR/PE were purchased from Serotec (Oxford, U.K.). Anti-CD33/PE and -CD34/FITC were purchased from Becton Dickinson (Mountain View, Calif), and anti-CD80/PE was purchased from PharMingen (Cambridge Bioscience, Cambridge, U.K.). Anti-CD83 was kindly provided by Prof. T.F. Tedder (Duke University Medical Center).
Immunofluorescence and light microscopy
DCs were infected at a multiplicity of 10 PFU/cell for 1 hour with rFWPV or VV. Cells were then washed and replated at 1 ϫ 10 6 cells/well in six-well plates in Iscove's modified Dulbecco's medium supplemented with 10% FCS, 1000 IU/mL GM-CSF, and 500 IU/mL IL-4. At 48 hours postinfection, cells were stained by the addition of 330 g/mL 5-bromo-4-chloro-3-indolyl ␤-D-galactoside followed by overnight incubation. DCs were washed twice in PBS, 0.2% sodium azide, and 0.2% BSA and subsequently incubated with anti-CD83 mAb (HB15; 1:150) for 30 minutes on ice. After washing, FITC-conjugated rabbit anti-mouse secondary Abs were added (Dako, High Wycombe, U.K.; 1:500) followed by incubation on ice for 30 minutes. DCs were then washed three times before fixing in 100 L of 0.5% paraformaldehyde in PBS, 0.2% sodium azide, and 0.2% BSA. A total of 1 ϫ 10 5 cells were then mounted onto slides by cytospin. ␤-gal expression and CD83 staining were then assessed by light and fluorescence microscopy.
RESULTS
It has been shown previously that FWPV vectors can be used to express foreign genes in mammalian fibroblast and epithelial cell lines. To confirm and extend these observations to lines commonly used as APCs, we used rFWPV containing the lacZ reporter gene under the control of early or late promoters to infect a panel of cell lines. The expression of ␤-gal was monitored every 24 hours for 5 days. Figure 1a shows the results from a 3-day infection with rFWPV fpEFL2, which contains the lacZ gene under the control of the vaccinia p7.5K early/late promoter. High-level expression was observed in the permissive line, in CEFs, and in the nonpermissive lines (HeLa and Swiss-3T3). Expression was seen, although at reduced levels, in the cell lines P815, EL4, and RMA. When rFWPV fpEFL29 (expressing lacZ under the control of a late (p4b) promoter) was used, late gene expression was observed in CEFs and HeLa cells, with significantly reduced levels produced in 3T3, P815, EL4, and RMA cells (Fig 1b) . To confirm that late (postreplicative) gene expression was being observed in these cells, control experiments were conducted in which AraC was added to the infections to prevent viral DNA replication. As shown in Figure 1b , ␤-gal expression from fpEFL29 was inhibited by AraC in all cases, confirming that the observed lacZ gene expression was from late promoter activity.
For comparison, similar experiments were conducted using replication-competent rVV. Using viruses v182 and vAL, with the lacZ gene under the control of an early/late p7.5K promoter or the late p11K promoter respectively, high-level expression was seen in all lines (Fig 1, c and d) . As observed for rFWPV fpEFL29, inhibition of replication with AraC strongly inhibited expression from the p11k promoter in vAL. We subsequently sought to determine whether rFWPV could deliver transgenes to cultured human DCs. DCs were isolated and expanded from PBMCs by culture in media supplemented with GM-CSF and IL-4 according to an established procedure. 4 After 7 days in culture, the population was assessed by flow cytometry. The cells expressed high levels of HLA molecules, adhesion molecules (CD80), and the DC-selective marker CD83, whereas low levels of T cell (CD2, CD3, CD4, and CD8), B cell (CD19), and natural killer cell (CD2) markers were observed (Fig 2a) . DCs are distinguished from other cell lineages during flow cytometric analysis by their large size and granularity, causing high forward and side scatter, respectively (Fig 2b, gated population) . The cells were shown to be highly active as APCs in mixed leukocyte reactions and tetanus toxoid reactivation assays. 45 After 7 days in culture, DC preparations were infected at a multiplicity of 10 PFU/cell with rFWPV or rVV viruses containing the lacZ gene, and expression was followed over a period of 5 subsequent days. For comparison, we included a Japanese quail cell line, QT35, which is permissive for FWPV infection; CV-1 monkey kidney cells, which have been shown previously to support FWPV DNA replication and late gene expression but not progeny virus assembly; 31 and the human B-lymphoblastoid cell line JY. As shown in Figure 3a , ␤-gal expression was observed in DCs infected with rFWPV fpEFL2. The amounts increased over the 5-day period, suggesting that the p7.5K promoter remained active throughout this period. The B cell line JY showed somewhat higher levels of expression, which also rose continually throughout the time period. In comparison, infection of QT35 and CV-1 showed high-level expression within 24 hours, which is in line with the permissive and semipermissive nature of these cell lines. Expression from the FWPV late p4b promoter was also examined using rFWPV fpEFL29 (Fig 3b) . In this case, only infection of the permissive QT35 line resulted in maximal expression. No late-gene expression was detected in the DCs, and the levels were reduced in CV-1 and JY. To confirm that the ␤-gal activity stemmed from late promoter activity, this experiment was also conducted in the presence of AraC. In all cases, no ␤-gal activity was seen in the presence of AraC (Fig 3c) . We concluded that rFWPV can infect DCs and express a transgene under the control of an early promoter but not a late promoter. This finding suggests that rFWPV replication is restricted at a much earlier stage in DCs than in epithelial cell lines such as HeLa and CV-1. Despite this early restriction, it seems that the early p7.5K promoter remains active for Ն5 days postinfection. The human B cell line JY was able to support some rFWPV late gene expression, although the level was reduced compared with early gene expression.
These experiments were repeated using replicationcompetent rVV vectors. As shown in Figure 3d , infection with v182 resulted in a rapid induction of ␤-gal synthesis in all cell types, including the DC preparations (Fig 3d) . However, when the late promoter construct vAL was used, no expression was observed in DC preparations, whereas high-level, AraC-suppressible expression was observed in all other cell lines (Fig 3, e and  f) . This observation indicated that the vaccinia p11K late promoter is inactive in DCs, whereas it is active in other lines including the human B cell line JY. This suggests that DCs are nonpermissive for VV replication, and that virus infection arrests at an early stage.
Because the DCs were primary cultures from human peripheral blood and may contain contaminating cell types, we sought to correlate the expression of rFWPV with DC phenotypic features. The 7-day DC cultures were infected with rFWPV fpEFL2, and the infection was allowed to proceed for 48 hours. The cells were stained with 5-bromo-4-chloro-3-indolyl ␤-D-galactoside and were subsequently transferred to slides by cytospin. Next, cells were stained with an anti-CD83 Ab followed by an FITC-conjugated secondary Ab. The preparations were examined by phase-contrast light microscopy and by ultraviolet fluorescence microscopy. More than 80% of the cells stained positive for ␤-gal. The predominant cell type showed DC morphology (large-phase bright cells with cytoplasmic extensions) (Fig 4, a and b) . Immunofluorescence detection showed that cells that were positive for the CD83 marker expressed ␤-gal (Fig  4, c and d) . We concluded that the rFWPV-vectored lacZ gene was efficiently transferred and expressed in CD83 ϩ DCs.
DISCUSSION
In this article, we examined the feasibility of using host range-restricted poxvirus vectors to transfer tumor Ags to DCs with a view toward the development of an immunotherapy based on this approach. We found that rFWPV could infect and express early but not late genes in DC preparations derived from peripheral blood monocytic lineage precursors. We also found that a replication-competent poxvirus (vaccinia) was incapable of activating late gene expression in DCs, which is in agreement with a recent report. 46 It has been shown previously that primary macrophages are nonpermissive for VV replication. Infection could occur, with the activation of early and intermediate but not late promoter activity. 47 These observations suggest that VV replication is restricted in all monocytic lineage cells, including DCs.
We observed early promoter-driven ␤-gal expression in rFWPV-infected DCs at levels comparable with those observed in a B-lymphoblastoid cell line. However, lower levels of ␤-gal expression were produced by rFWPV compared with rVV, although both viruses used the p7.5K promoter. This difference could be due to reduced p7.5K promoter activity in the FWPV context or to reduced infectivity by FWPV of the DC targets. The observation that Ͼ80% of cells stained blue for ␤-gal in both rFWPV-and rVV-infected DCs suggests that differences in p7.5K promoter activities in the different viral contexts could account for this variation in expression levels. However, we cannot yet exclude that rFWPV-infected DCs may contain lower template levels due to reduced infectivity.
The arrest of poxvirus infection in DCs must occur at a very early stage after infection, because no late gene expression is seen at all in either rFWPV-or rVVinfected cells. In the case of FWPV, late gene expression can be observed in other lines that are nevertheless nonpermissive for replication, such as CV-1, HeLa, etc. (Somogyi et al, 31 and this work). It would seem that FWPV is not inactivated completely early after infection; however, the steady increase in ␤-gal activity over the experimental time course suggests that early promoter activity continues for Ն5 days postinfection. It is well known that an inhibition of late gene expression by AraC leads to a prolonged expression of early genes. It is possible that an analogous situation arises when FWPV late gene expression is prevented in the mammalian DC environment.
The observation that only early poxvirus promoters can sponsor expression in DCs has implications for Ag presentation and vaccine design. It has long been recognized that the generation of T-cell immunity by rVV was dependent upon the expression of the Ag gene from an early rather than a late promoter. 48, 49 The mechanism for this phenomenon was variously suggested to involve poor processing and presentation of Ag late in infection due to MHC class I down-regulation and the inhibition of intracellular proteolysis. 50, 51 However, our observations suggest that poor generation of T-cell immunity by recombinant poxviruses using late promoters occurs because only early promoters are functional in the target cells (DCs) in which intracellular Ag production is required to initiate the T-cell response. This also suggests an explanation for the somewhat surprising high efficacy of avipoxviruses as immunogens, [33] [34] [35] because both they and the VV are rendered replication-defective in the prime APCs.
The use of recombinant poxviruses as vectors for Ag genes may provide some advantages over the use of single-peptide CTL epitopes to pulse DCs with Ag. The latter approach requires in-depth knowledge of the MHC restriction of the target Ag peptides. This entails extensive CTL epitope mapping and the selection of an appropriate combination of peptides for each individual patient. Moreover, immunization with single peptides means that the CTL precursor frequency may be much lower than in immunization with full-length Ag molecules. There is evidence that additional stimulation of CD4 ϩ helper responses by DC is required for effective CTL generation. [52] [53] [54] When using single peptide epitopes for CTL generation, it is possible that the helper response is provided by BSA from FCS in the cultures. 54 -56 In a human therapeutic context, heterologous sera proteins would not be present during culture, because of safety considerations. Therefore, the use of peptide-pulsed DCs in the human system would require mixtures of appropriate CTL and helper epitope peptides. The use of whole-protein Ag-pulsed DCs may help solve this problem, because it is now clear that DCs can present exogenous soluble Ag through both MHC class I and class II pathways. 57 However, delivery to the MHC class I compartment of epitopes from whole-protein Ags may be a limiting factor, with endogenous synthesis being far more efficient. 21, 52 The endogenous synthesis of Ag from genes transferred to human DCs via transfection or retroviral vectors may offer an advantage, but these vectors can suffer from low efficiencies of gene transfer, particularly in nonproliferating cells. The high DC transduction efficiencies, high capacity for recombinant sequences, and potential safety characteristics shown by rFWPV vectors makes them strong candidates for use in the development of DC-based immunotherapies. We are concentrating our attention on human papillomavirus and cancer of the cervix, a system in which the oncoproteins E6 and E7 are candidate tumor Ags for targeted immunotherapy. 
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